Electron and hole doping in Co 3 Sn 2 S 2 , through chemical substitution of cobalt by the neighbouring elements, nickel and iron, affects both the structure and thermoelectric properties. Electron doping to form Co 3-x Ni x Sn 2 S 2 (0 ≤ x ≤ 3) results in an expansion of the kagome layer and materials become increasingly metallic as cobalt is substituted. Conversely, hole doping in Co 3-x Fe x Sn 2 S 2 (0 ≤ x ≤ 0.6) leads to a transition from metallic to n-type semiconducting behaviour at x = 0.5. Iron substitution induces a small increase in the separation between the kagome layers and improves the thermoelectric performance. Neutron diffraction data reveal that substitution occurs at the Co 9(d) site in a disordered fashion.
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The effect of electron and hole doping on the thermoelectric properties of shandite-type Co 3 
Introduction
The increased requirements for energy consumption as well as the demand for reducing the environmental impact of CO 2 emissions have led to an explosion of research on sustainable energy technologies and new materials for energy harvesting.
Thermoelectric (TE) devices are able to provide considerable energy savings when applied in technologies where waste heat can be exploited to create the necessary temperature gradient. The great benefit is that heat is converted directly to electrical power and consequently it is a sustainable energy technology, which may contribute to reducing carbon emissions. From the point of view of materials, [1] high TE performance requires the unusual combination of a high electrical conductivity (σ), usually associated with metallic phases, together with a high Seebeck coefficient (S) and low thermal conductivity (κ), characteristics of non-metallic materials, in order to maximise the figure-of-merit, ZT = S 2 σT/κ. Commercial TE materials for lowtemperature applications (T ≤ 473 K) are generally alloys of Bi 2 Te 3 and Sb 2 Te 3 which exhibit ZT  1 at room temperature [2] . However, these materials are unsuitable for large-scale applications due to the scarcity of tellurium (terrestrial abundance of Te ≈ 0.001 ppm) [3] . Considerable effort is therefore being directed towards the discovery of alternative low-cost materials containing earth-abundant elements. Candidate TE materials containing earth-abundant elements which have attracted great interest are sulphides and selenides, including A x TiS 2 , [4] PbS and PbSe, [5] Chevrel phases [6] and rare-earth sulphides [7] .
Low dimensionality is a promising approach to improve the TE performance of materials owing to the more structured density of states (DOS) [8] that results.
According to the Mott relation, [9] the Seebeck coefficient is proportional to the 4 derivative of the DOS at the Fermi level (E F ). Therefore, tuning E F to sharplystructured regions of the DOS can lead to an enhancement of the Seebeck coefficient.
This search for materials with a highly structured DOS in the region of E F has led to the investigation of pseudo two-dimensional mixed-metal sulphides of general formula M 3 M' 2 S 2 that contain transition-series elements (M = Co, Ni, Fe, Rh, Pd) together with elements from group III and IV (M' = Sn, In, Pb, Tl), which crystallise in the shandite structure ( Fig. 1 ).
An unusual combination of a metal-like electrical conductivity and a Seebeck coefficient of ca. -48 μV K -1 at 300 K [10] has led to a high level of interest in the shandite-type ferromagnet Co 3 Sn 2 S 2 (T C = 176 K). This phase has been described as a type I A half-metal; [11] a view which is confirmed by photoemission studies [12] . Band structure calculations indicate the region around the Fermi level is composed predominantly of Co 3d states with small contributions from Sn 5p and S 3p states.
The resulting sharp peak in the DOS at E F may contribute to the relatively high Seebeck coefficient [13] .
Magnetic susceptibility measurements reveal that nickel substitution in Co 3-x Ni x Sn 2 S 2 (0 ≤ x ≤ 3) suppresses the ferromagnetic order at x > 0.2 [14] . Band structure calculations [15] 119 Sn Mössbauer spectroscopy [17] appears to rule out Sn(ӀӀ) and Sn(IV) states, while
Umetani et al. [18] suggest cobalt is present as a mixture of Co(0) and Co(II).
However, X-ray photoelectron spectroscopy data for Co 3 Sn 2-x In x S 2 indicate a zero valent state for cobalt, and for sulfur, an oxidation state which approaches zero, [19] 5 with Bader charge analysis from DFT calculations indicating a net negative charge of ca. 0.7 associated with sulfur. In addition, 119 Sn Mössbauer spectra reveal an oxidation state for the two tin atoms which is close to zero.
Synthesis of Co 3-x Fe x Sn 2 S 2 at high pressures and temperatures leads to single phase behaviour that extends to x = 1 [20] . At ambient pressure, growth of single crystals of Co 3-x Fe x Sn 2 S 2 with a maximum x = 0.53 has been reported [21] . The Curie temperature, T C , decreases with iron content in a similar fashion to that observed in indium-substituted shandites, suggesting that the electron count is a key parameter in determining the magnetic ground state of the material [22] .
There are very few studies of the TE properties of shandite phases. Corps et al. [23] have demonstrated that substitution of tin by indium in at low temperatures has been examined [24] . The simultaneous substitution of indium and selenium induces metallic behaviour and a decrease in resistivity without suppression of the Seebeck coefficient. Here, we describe how chemical substitution at the cobalt site of Co 3 Sn 2 S 2 may be used to manipulate the electronic properties and hence the TE behaviour by tuning the position of E F within the narrow bands in the vicinity of E F .
Experimental
All samples of general formula Co 3-x A x Sn 2 S 2 (A = Ni (0 ≤ x ≤ 3), Fe (0 ≤ x ≤ 0.6))
were prepared by high temperature synthesis. Powdered samples were placed in thin-walled cylindrical vanadium cans and data collected at room temperature. Multibank Rietveld refinements were performed with the GSAS software package using data from banks centred at 2θ = 154°, 91°, 63° and 35°. The initial structural model in space group m R3 used lattice parameters determined from powder X-ray diffraction data and atomic coordinates of the cobalt end-member phase [10] . 119 Sn and 57 Fe Mössbauer spectroscopic data were recorded in transmission mode and in constant acceleration mode using as sources 119 Samples were consolidated by hot-pressing for 25 min at 60 bar and 995 K, under a nitrogen atmosphere, using a hot press constructed in-house. All samples were ballmilled at 350 rpm for 1 hour prior to consolidation. The densities of the resulting pellets, determined by the Archimedes method using an Adam PW184 balance, are ca 98% of the crystallographic value. Thermal diffusivity measurements were performed using a Netzsch LFA 447 Nanoflash instrument. Measurements were conducted in 25 K increments, over the temperature range 300 ≤ T / K ≤ 525, on circular pellets (diameter: 12.5 -12.6 mm; thickness: 1.8 -1.9 mm) coated with graphite. Pyroceram 9606 was used as a reference for the determination of the heat capacity. The electrical resistivity and Seebeck coefficient were determined using a Linseis LSR3-800 over the temperature range 300  T/K  625, under a temperature gradient of 10 K.
Measurements were conducted under a partial pressure of helium, using a current of 100 mA.
Results and discussion
Powder X-ray diffraction data confirm that 
. At higher iron contents
the ratio of the intensities of the doublets deviates from that expected on probability grounds, suggesting that the distribution of iron atoms in the kagome layer is no longer purely statistical.
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The values of the isomer shift for the doublet at   0. The electrical resistivity for all samples in the Co 3-x Ni x Sn 2 S 2 series increases as a function of temperature, indicating metallic behaviour (Fig. 4) (Fig. 4) 
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The thermal conductivity (κ) of Co 3-x Ni x Sn 2 S 2 ( Fig. 6 ) remains almost constant up to a composition of x =1, whilst for higher nickel contents there is a rise in thermal conductivity which becomes particularly marked as x = 3 is approached. The electronic contribution, κ el , was determined using the Wiedemann-Franz law (L 0 = 2.44×10 -8 W Ω K -2 ), and the lattice contribution, κ L , as the difference between κ and κ el . This analysis presented as supplementary material indicates that the total thermal conductivity is determined predominantly by the electronic contribution, which rises with Ni content, whilst the lattice contribution is almost independent of composition. This is consistent with an increase in charge carrier concentration on nickel substitution and the absence of any appreciable mass fluctuation scattering owing to the similar atomic masses of nickel and cobalt.
The thermal conductivity of Co 3-x Fe x Sn 2 S 2 falls on substitution by iron, (Fig. 7) ; the lowest value at room temperature (at x = 0.5) showing a 32% reduction from that of Co 3 Sn 2 S 2 . The electronic contribution, κ el , at constant temperature decreases with increasing iron content, whilst κ L is effectively compositionally invariant, consistent with the absence of mass fluctuation scattering for elements whose atomic masses differ by only 1 amu.
Electron doping through substitution of cobalt by nickel leads to a marked decrease in ZT (Fig. 6) , principally due to the reduction in |S|. By contrast, in the case of iron substitution the combination of a reduction in thermal conductivity and increase in the magnitude of the Seebeck coefficient is sufficient to offset the increase in resistivity, resulting in an increase in the figure-of-merit of Co 3-x Fe x Sn 2 S 2 (0 ≤ x ≤ 0.6) (Fig. 7) .
The greatest differences in ZT are observed at low temperatures. ZT at elevated temperatures (T ≥ 700 K).
Conclusions
In conclusion, cobalt in Co 3 Sn 2 S 2 may be substituted by its neighbouring elements, Ni and Fe, to achieve electron and hole doping. The single phase region extends over the entire range of composition (0 ≤ x ≤ 3) in the case of nickel substitution, whereas that for iron is more restricted (0 ≤ x ≤ 0.6). Neutron data demonstrate that that substitution of cobalt by both iron and nickel occurs in a disordered fashion throughout the two series. 57 Fe Mössbauer spectra for materials Co 3-x Fe x Sn 2 S 2 (0 ≤ x ≤ 0.6), show two distinct sub spectra, which arise from the differences in the local environment of iron atoms at the disordered 9(d) site. 119 Sn Mössbauer data show that the two tin sites are not affected by iron substitution and retain the zero valent state. Nickel substitution increases the metallic character of the material, consistent with the results of DFT calculations for the end-member phases (M 2 Sn 2 S 2 , M = Co, Ni), [16, 19] and there is a 
Figure 7
Thermal conductivity data and ZT values of Co 3-x Fe x Sn 2 S 2 (0 ≤ x ≤ 0.6).
